T here is extensive evidence that renal afferent and efferent nerves play a critical role in the control of renal function and in setting the level of arterial blood pressure.
T here is extensive evidence that renal afferent and efferent nerves play a critical role in the control of renal function and in setting the level of arterial blood pressure. 1 This includes the findings that in experimental and human hypertension there are increases in renal sympathetic nerve activity (RSNA) and renal norepinephrine spillover, respectively. In addition, surgical renal denervation (RDN) reduces blood pressure in hypertensive animals and patients, [1] [2] [3] [4] although in patients this was associated with several side effects. 4 The development of catheter-based radiofrequency RDN has resulted in a resurgence of interest in RDN as a treatment for resistant hypertensive patients. Initial trials demonstrated reductions in office systolic blood pressure 5, 6 and in the 36-month follow-up from the first trial 93% of patients showed reductions in office systolic blood pressure of ≥10 mm Hg after RDN. 7 In contrast, the recent Symplicity HTN-3 trial did not demonstrate reductions in systolic blood pressure beyond that observed in sham control patients 6 months after RDN, 8 although there is still debate on factors that may have led to the lack of effect, such as procedural and population variability.
It would be expected that destruction of the renal nerves reduces blood pressure because the efferent renal nerves play a major role in stimulating renin release, causing renal vasoconstriction and inducing sodium retention. 1 It is also plausible that in hypertension, increased afferent renal nerve activity may cause a reflex increase in sympathetic outflow and worsening hypertension. 9, 10 Such actions are supported by findings that in some hypertensive patients, catheter-based RDN reduced the level of muscle SNA 11, 12 and plasma norepinephrine. 13 Despite these proposed mechanisms, it is unknown how
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effectively catheter-based RDN ablates the renal afferent and efferent renal nerves, a central question in the ongoing debate of the results of the HTN-3 trial. Furthermore, it has not been established whether the renal nerves regrow and functionally reinnervate the kidney after catheter-based RDN. After surgical renal RDN in rats there is immunohistochemical evidence of reinnervation within 12 weeks 14 and functional reinnervation after 8 weeks. 15 Considering the differences in body size and technique, such studies may not predict the rate or degree of reinnervation after catheter-based RDN in humans. Studies in humans after renal transplants have found variable rates of reinnervation, 16, 17 probably because human tissue was often derived from failed transplants. In recent studies in porcine 18 and canine 19 models, RDN using Symplicity and alternative catheters was associated with 81%, 59%, and 47% reductions in kidney norepinephrine content at 1, 4, and 8 weeks after denervation, respectively. Although these studies suggest significant denervation followed by potential reinnervation early after RDN, functional responsiveness and anatomic distribution of afferent and efferent renal nerves were not assessed.
In view of the controversy on the effectiveness of catheterbased RDN, we used functional, anatomic, and biochemical techniques to establish the degree of denervation of renal afferent and efferent nerves immediately after catheter-based RDN using the Symplicity Flex catheter in anesthetized normotensive sheep. Furthermore, considering the lack of information on reinnervation after catheter-based RDN, we investigated the degree of reinnervation at 5.5 and 11 months after RDN. This study focussed on the level of denervation and reinnervation after catheter-based RDN, not the effect of this procedure on blood pressure. ). Sheep were individually housed and given free access to water and oaten chaff once a day. In all surgeries, anesthesia was induced with sodium thiopentone (15 mg/kg IV) and, after endotracheal intubation, was maintained with 1.5% to 2.0% isoflurane-O 2 /air mixture. Sheep were treated with intramuscular antibiotics (900 mg, procaine penicillin, Troy Laboratories, NSW) at surgery and 1 day postoperatively. Analgesia was maintained with intramuscular flunixin meglumine (1 mg/kg; Troy Laboratories) at surgery.
Methods
Surgical Procedures
In anesthetized sheep the facial artery was cannulated to measure mean arterial pressure (MAP) and heart rate (HR). A transit-time flow probe (Transonics Systems, Ithaca, NY) was used to measure renal blood flow (RBF) and intrafascicular electrodes were placed in the renal nerve to record RSNA. 20 The electrodes were removed after a 5-minute recording was obtained. In addition, in group A only, a double-lumen polyethylene catheter (outer diameter, 1.7 mm) was secured in the ureter for intrapelvic infusions.
Renal Nerve Stimulation
Renal nerves were placed on a pair of hooked stimulating electrodes and stimulated for 30 seconds at 10 V at 3 frequencies (1, 3, and 5 Hz). All variables were allowed to return to prestimulus baseline levels before the next stimulation.
Unilateral RDN
In anesthetized sheep, after a cut down on the right femoral artery, a 6F catheter was introduced and heparin (3000 IU) administered. A Symplicity Flex catheter (Symplicity, Medtronic Ardian Inc, CA) was introduced into renal arteries using radiocontrast under fluoroscopic guidance and 5 to 6 two-minute radiofrequency ablations were delivered in a helical configuration along the renal artery, starting as close to the kidney as anatomically possible (see online-only Data Supplement). The catheter system (Medtronic Ardian Inc, CA) monitored tip impedance and temperature and altered energy delivery in response to an algorithm used in humans. 5 After the experiments the catheter was withdrawn, the femoral wound was closed and sheep were recovered from anesthesia.
At the end of experiments sheep were euthanized with intravenous pentobarbitone (100 mg/kg). Kidneys were taken for histological analysis and norepinephrine content (see online-only Data Supplement). For details of data recording and analysis, see onlineonly Data Supplement.
Experimental Groups
Group A: Control, Nondenervated Sheep (n=6)
After baseline measurements of MAP, HR, and RSNA, capsaicin (1 µg/mL in 1 mL) was infused into the renal pelvis for 1 minute to stimulate the renal afferent nerves. The whole renal nerve was then stimulated as described above. After recovery, the renal nerve was transected and the proximal and distal ends were separately stimulated (10 V, 5.0 Hz, 30 s) to determine the specific effects of renal afferent and efferent stimulation, respectively. Sheep were euthanized at the end of the protocol.
Group B: Acute RDN With the Symplicity Catheter System (n=6)
Sheep underwent unilateral RDN as described above and then intact renal nerve simulation (10 V, 5.0 Hz, 30 s). Sheep were recovered from anesthesia and were euthanized after 1 week.
Groups C and D: Electric Stimulation 5.5 and 11 Months After RDN (n=5 per Group).
Unilateral RDN was completed and sheep were recovered from anesthesia and returned to the farm. At 5.5 months (group C) and 11 months (group D) after RDN sheep were returned to the laboratory and renal nerve stimulation protocol performed. Sheep were euthanized at the end of the protocol.
Renal Norepinephrine Content and Immunohistochemistry
The levels of tyrosine hydroxylase (TH) and calcitonin generelated peptide (CGRP) in the renal cortex, medulla and pelvis were determined by immunohistochemistry using an anti-TH primary antibody (Merck Millipore) and a rabbit anti-CGRP primary antibody (from Ingrid Nylander, Uppsala University, Sweden), 21 with fluorescent images acquired blind and imaged using Image J (National Institutes of Health, Bethesda, MD; see online-only Data Supplement). Tissue levels of norepinephrine were determined in renal cortex and medulla as previously described (see online-only Data Supplement).
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Statistical Analysis
Statistical analysis was performed in Rcmdr 23,24 using absolute values. To compare responses in proximal and distal transected nerve stimulation with those from whole nerve stimulation, simple linear regression models were fitted to each animal during the 30-second stimulation period and slopes compared using Mann-Whitney test. 25 Changes after acute RDN were tested using Friedman test of the 30-second stimulation period. Differences between controls, 5.5 and 11 months after denervation were tested by fitting a linear mixed effects model of the responses against group, frequency, and baseline (10 second before stimulation), adjusting for repeated observations by guest on June 21, 2017 http://hyper.ahajournals.org/ Downloaded from within animal. This allowed animals to be considered under each frequency condition. Differences between immunohistochemical staining and norepinephrine concentration between the groups were tested using 1-way ANOVAs. Post hoc analysis was performed using Tukey multiple comparison test. Data sets were assessed for normality and square root transformed as appropriate. Statistical significance was accepted when P<0.05. Data are mean±SEM.
Results
Physiological Data
Group A: Intrapelvic Capsaicin and Electric Stimulation of Renal Nerves in Anesthetized Nondenervated Sheep In nondenervated sheep, there was a high level of RSNA, one burst of activity with every heart beat, which is the normal level in anesthetized sheep (see online-only Data Supplement). 26, 27 Intrapelvic infusion of capsaicin (1 µg/1 mL for 1 minute) had no significant effects on MAP, HR or RSNA, with a trend toward a small increase in RBF (−6±3 mL/min; P<0.09). In view of this lack of treatment effect this was not repeated in the other groups. Electric stimulation (5 Hz, 10 V) of intact renal nerves in nondenervated sheep increased MAP and reduced HR, RBF, and renal vascular conductance (RVC; Figures 1 and 2 ; Table) . Stimulation of the proximal end of the nerve, to stimulate afferent fibers, increased MAP (not significant compared with whole nerve), decreased HR (not significant compared with whole nerve), and caused no change in RBF (P<0.005 compared with whole nerve; Figure 1 ). In contrast, stimulation of the distal end of the cut nerve, to stimulate sympathetic efferent fibers, decreased RBF and RVC (not significant compared with whole nerve), but did not change MAP or HR (P<0.05 compared with whole nerve stimulation; Figure 1 ). Electric stimulation of the whole nerve with lower frequencies (1 and 3 Hz) caused less pronounced changes in RBF, RVC, and HR (P<0.0001 for all three variables; Figure 3 ; Table) , whereas the changes in MAP across frequencies were not significantly different.
Group B: Electric Stimulation Immediately After RDN
Stimulation of renal nerves directly after RDN caused no changes in MAP, HR, RBF, or RVC (Figure 2 ; not significant compared with baseline). We were unable to record RSNA in any animals acutely after RDN (see Results in the online-only Data Supplement).
Groups C and D: Electric Stimulation 5.5 and 11 Months After Catheter-Based Denervation
The gross anatomy was variable between animals, but there was consistently more fibrotic tissue around the renal artery at 5.5 months than at 11 months after denervation. The main nerve bundle from the renal plexus to the renal artery was located in all but 1 animal (5.5-month group). The kidney levels of norepinephrine and TH in this animal, however, indicated that reinnervation had occurred. In addition to the main nerve bundle, in both the 5.5-and 11-month groups, there were wide-spread smaller nerve branches, indicating nerve regeneration. Following the path of these new nerves was difficult because of fibrosis and dissection was not attempted to Electric stimulation (1, 3, and 5 Hz) of the renal nerves close to the renal artery at 5.5 (n=4) and 11 (n=5) months after denervation resulted in increases in MAP and decreases in RBF and RVC. There were no significant differences between the responses in the nondenervated control group and the groups that had been denervated 5.5 and 11 months previously (Figure 3 ; Table) . There were differences in the levels of MAP between the nondenervated and the 5.5-month denervated group (P<0.01) and in RBF between the nondenervated and the 11-month denervated group (P<0.05), but whether this was a treatment effect or because of the variability in MAP and RBF that occurs under anesthesia is unclear.
Renal Norepinephrine Content and Immunohistochemistry for TH and CGRP
One week after RDN, the levels of TH were significantly lower around the intrarenal vessels, capillary beds and pelvic wall compared with the nondenervated group (Figure 4 ; Figure S5 in the online-only Data Supplement). In the 5.5-and 11-month denervated groups the levels of TH had significantly increased and were not significantly different from the control group. The changes in norepinephrine content after RDN paralleled the changes in TH staining ( Figure 5 ). One week after RDN the mean renal medullary and cortical levels of NE were 13.5% and 20.1%, respectively, of those in nondenervated sheep ( Figure 5 ). The mean medullary and cortical levels of NE were 63.4% and 88.9% of control levels, respectively, at 5.5 months after RDN and 77.1% and 131.0%, respectively, at 11 months after RDN.
The level of CGRP staining was greater in the pelvic wall than around intrarenal vessels and glomeruli (Figure 4 ; Figure 
S5
). The CGRP staining in the pelvic wall was significantly reduced in the acutely denervated group compared with nondenervated sheep (P<0.005). In the 11-month group the level of CGRP staining was significantly greater than in the acute group and not different from the innervated control group (Figure 4) . Around the intrarenal vessels, CGRP was significantly lower in the acutely denervated group compared with the 11-month group (P<0.001). Around the glomeruli CGRP levels were low in all groups (see online-only Data Supplement).
Discussion
We investigated the functional and anatomic reinnervation of the kidney in a large animal after RDN using the Symplicity Flex System with the same algorithm used in humans. The principal findings were that immediately after a standard clinical protocol of 5 to 6 ablations per renal artery, RSNA was not present in the renal nerve and the afferent and efferent responses to electric stimulation of the nerve were abolished, demonstrating the effectiveness of this technique. Eleven months after RDN, functional reinnervation was demonstrated by the presence of RSNA and normal afferent and efferent responses to nerve stimulation. Anatomic evidence of reinnervation of the afferent and efferent nerves 5.5 and 11 months after RDN was indicated by the normal levels of TH and CGRP staining, respectively, as well as the normal levels of tissue norepinephrine. It was originally hypothesized that RDN reduced blood pressure primarily by destroying efferent sympathetic nerves, resulting in reduced vascular resistance, renin release, and sodium retention. Increasingly it is proposed that denervation of the afferent renal nerves contributes to the hypotensive effect of RDN because of removal or alteration of the renal afferent reflex, which has been shown to activate important central cardiovascular nuclei. 10, 28 Our findings indicate that catheter-based RDN destroys renal efferent nerves as shown by reduced TH staining, tissue norepinephrine content, absence of RSNA, and responses to electric stimulation. These findings corroborate recent studies showing significant reductions in renal norepinephrine 8 weeks after RDN in obese hypertensive dogs 19 and 1 and 4 weeks after RDN in normal pigs. 18 In addition, after RDN we found inhibition of the afferent response to electric stimulation and decreased levels of CGRP staining.
Interestingly, we found that by 5.5 months after RDN there was almost complete functional and anatomic reinnervation, and by 11 months after denervation there were no differences in the responses to electric stimulation, renal distribution of TH and CGRP, or renal norepinephrine levels compared with nondenervated controls. Importantly, by demonstrating unambiguously different responses to stimulation of the proximal and distal ends of the cut renal nerve we were able to demonstrate normalization of both the afferent and efferent responses to stimulation of the intact renal nerves. To the best of our knowledge this is the first examination of functional and anatomic reinnervation of the kidney after catheter-based RDN. To date, there has been no examination of kidneys from
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patients who have undergone catheter-based RDN, only a recent case study investigating perivascular nerves 12 days after RDN showing that renal nerve damage was limited to an area 2 mm from the vascular lumen. 29 In a study in rats, 12 weeks after surgical denervation there was immunohistochemical evidence of reinnervation of renal afferent and efferent nerves 14 and functional reinnervation has been shown 8 weeks after surgical denervation in rats. 15 These studies concur with our findings that reinnervation of afferent and efferent renal nerves after catheter-based RDN is almost complete by 5.5 months and seems to be complete by 11 months after denervation.
Strengths and Limitations
The strength of this study is that RDN was completed in a large mammal with the Symplicity RDN System used clinically, making it likely that the findings are relevant to the clinical setting. We determined the level of functional reinnervation by recording RSNA and determining the afferent and efferent responses to electric nerve stimulation. The degree of anatomic reinnervation was established using specific markers for the efferent sympathetic nerves (TH and norepinephrine) and the afferent sensory nerves (CGRP). Importantly, the investigations of reinnervation were completed over long, clinically relevant time frames (5.5 and 11 months). Although the HTN3 trial demonstrated the importance of a sham-denervation group to control for regression to the mean of blood pressures and increased adherence to antihypertensive treatment, these factors were not relevant in the current study. A weakness of the study is that although we showed return of the vascular response to supramaximal electric stimulation after denervation, we did not investigate whether there were changes in RSNA in the conscious state or in the ability of physiologically induced changes in RSNA to alter RBF, renin release, or sodium excretion. In addition, using intrapelvic capsaicin we were unable to stimulate the renal afferent sensory nerves in nondenervated sheep, so we were unable to test whether the renal afferent sensory response was normal after RDN. We were, however, able to demonstrate normalization of the afferent response (increase in MAP) to electric stimulation and a return of CGRP staining. These studies were conducted in healthy, normotensive young animals and it is possible that age, hypertension, and other comorbidities alter the rate of nerve regrowth. 30 Finally, whether our findings in normotensive sheep can be directly translated into the human situation remains unclear, but because we denervated with the same catheter and algorithm used in patients it is likely that this model has some clinical relevance. In fact, estimates of efferent RDN based on renal norepinephrine spillover in patients 5 suggest 
Perspectives
Numerous studies have demonstrated hypotensive responses after surgical RDN in many forms of experimental hypertension and after catheter-based RDN in hypertensive patients. It was therefore surprising that the recent HTN-3 trial did not show a reduction in systolic blood pressure at 6 months. Whether effective denervation was achieved in these patients remains problematic as there were no measures indicating the level of denervation. The finding in the present study that catheter-based RDN effectively ablated the renal nerves demonstrates the effectiveness of the technique if applied appropriately. The finding of complete functional and anatomic reinnervation 11 months after catheter-based RDN in sheep is consistent with the finding of anatomic reinnervation after surgical RDN in rats. Although it is unknown whether a similar degree of reinnervation occurs in patients, these findings challenge the current presumption that a permanent loss of renal afferent or efferent renal nerves after RDN underlies the long-term reduction in blood pressure in hypertensive patient. Further studies are required to determine whether RDN has prolonged actions that alter the control of RBF, renin release, and sodium excretion by the reinnervated efferent renal nerves or whether the renal sensory afferent reflex is desensitized after reinnervation of the afferent renal nerves. 
